in the water residence time, catchment area and freshwater inflow (Table 1) , the 125 distribution of benthic habitats in each system (Table 2) 
Nitrogen budget framework 137
The budgeting framework of Eyre and McKee (2002) and Eyre et al. (2011) was 138 used to assess the importance of denitrification and burial in each of the open water 139 benthic habitats to each of the three whole ecosystems and to approximate N budgets for 140 the estuaries. The focus of the budgets is on N loss via denitrification and burial in 141 different benthic habitats. The other N budget terms were calculated to put the N burial 142 and denitrification losses in context of the whole system and to identify and major 143 missing inputs or losses. Steady state was assumed in the budgeting and therefore the sum 144 of inputs and outputs within the study area should equal zero ± error (storage was 145 assumed not to change of the time scale of the budgeting). The N budget includes three 146 major inputs: diffuse, point-source and atmospheric deposition. Outputs of N include net 147 denitrification, burial and fisheries harvest. Missing N, or excess N, was assigned to 148 ocean exchange and determined as the difference between in the inputs and outputs, and 149 includes all the errors in the other terms. There was insufficient data to independently 150 calculate ocean exchange, 151
152

Spatial and temporal boundaries, units of mass, significant figures and errors 153
Annual N budgets were developed (July 2006 to June 2007) for the three study 154 areas as described for carbon in Maher and Eyre (2012) . The N budgets were calculated 155 for the water column and therefore N burial represents a loss from the system. Mass 156 (tonnes = 10 3 kg) rounded to 0.1 tonne (100 kg) was used for all terms throughout all 157 calculations. Although the accuracy this suggests is much greater than can be justified by 158 the methods used, this was to avoid progressive accumulation of rounding errors and to 159 avoid loss of some of the smaller fluxes, which were less than the rounding errors of the 160 larger fluxes. The robustness of the budgets were assessed in two ways. Firstly, errors 161 were assigned to each of the budget terms that were the product of two terms (e.g. benthic 162 N2 loss = benthic N2 efflux rate x area) using the following formula (modified from (Eyre 163
1995): 164 165
Budget Term Error = ((mean1 x error2) 2 + (mean2 x error1) 2 + (error1 x error2)) 0.5
167
Where errors for a given term were unknown, or not well quantified, a 168 conservative 100% error was assigned. This was done to illustrate the possible effect of 169 large errors in these terms on the overall outcomes of the N budget. Secondly, a 170 sensitivity analysis was done where each of the terms in the budget (e.g. overall N burial) 171 were adjusted up or down by their estimated error determine if the overall conclusions 172 derived from the budget changed . p<0.001) was applied to daily river flows to estimate TN concentrations for each non-185 sampled day in each system. Gauged river flows were scaled to the whole catchment by 186 linear interpolation. Scaled daily river flows were multiplied by daily TN concentrations 187 and integrated over the study period to estimate annual diffuse TN catchment loads in 188 each estuary. Because it is unknown how well linear interpolation captures N loads the 189 ungauged areas of the catchment a 100% error was assigned. applied. Because the concentration data were derived from coastal northern NSW, it is 206 unknown how applicable the data are to the study area, making it difficult to quantify the 207 atmospheric N error. A 100% error was therefore assigned to atmospheric TN loads. 208
209
Net denitrification 210
Benthic dark and light N2 effluxes were measured using benthic chamber and core 211 incubations in up to 12 benthic habitats in each of the estuaries (Eyre et al. 2013a ). N2 212 efflux measurements were undertaken in summer, spring, winter and autumn. Both dark 213 and light net N2 effluxes were measured in all seasons for all estuaries, and in all habitats 214 in all estuaries, but not all habitats in all seasons in all estuaries. Dark N2 effluxes in each 215 of the 12 benthic habitats were strongly correlated to sediment oxygen demand 216 N2 flux measurements in each habitat was adopted as the error for the rate measurements 231 and a 10% measurement error was assigned to the area estimates. 232
233
Burial 234
Sediment cores (~ 25-cm in length) were retrieved from 10 benthic habitats across 235 the three estuaries utilizing a peat corer. An aliquot of sediment was taken from each 4cm 236 interval for gravimetric analyses of wet weight and dry weight. Dry weight was obtained 237 by freeze drying for three days. The dry bulk density was calculated as aliquot dry mass 238 divided by initial wet volume. Sediment accumulation rates were determined using 239 excess 210 Pb ( 210 Pbex), a radionuclide with a half-life of 22.3 years and well suited to the 240 timescale of interest here (≤ 100 years). Measurements and calculations were conducted 241 as described by (Sanders et al. 2010 ). Briefly, sediments at each interval were sealed in 242 70 ml petri-dishes for at least three weeks to establish secular equilibrium between 226 Ra 243 and its daughter products 214 Pb and 214 Bi. Gamma-ray measurements were conducted by 244 using a semi-planar intrinsic germanium high purity coaxial detector with 40% 245 efficiency, housed in a lead shield, coupled to a multichannel analyzer. Lead-210 activity 246 was determined by the direct measurement of 46. Pb activity. Samples were counted for at least 250 86000 s in identical geometrical cylinders. Self-absorption corrections were calculated 251 following Cutshall et al. (1982) . 252
The sediment accumulation rates were obtained through the Constant Initial 253
Concentration (CIC) dating method (Appleby and Oldfield 1992) as
210 Pb(ex) was fitted 254 via the least square procedure and the slope of the log-linear curve was used to calculate 255 sediment accumulation rates and multiplied by specific interval density to determine 256 downcore mass accumulation rates. Depth averaged N burial rates were calculated based 257 on mass accumulation rates, dry bulk densities (g cm -3 ) and total N concentration of each 258 interval. N concentration and stable isotopes were analyzed using an elemental analyzer 259 used. The average of the N burial rates in the non-seagrass habitats in each system was 272 applied to the un-sampled non-seagrass habitat in the respective system. Because burial 273 rate measurements were not replicated in each individual habitat, and because burial rates 274
were not measured in all habitats, a 100% error was applied. 275
276
Fisheries harvest 277
Commercial fisheries harvest data was obtained from the New South Wales 278
Department of Primary Industries for each of the three systems for the years 1984 -2004 279
(including oyster aquaculture production). Fisheries export from each of the three 280 systems was estimated using the average commercial fisheries catch and assuming that 281 the recreational catch is equal to the commercial catch (excluding oysters) (Maher and 282
Eyre 2012). Wet weight of total catch was converted to g N dry weight by assuming that 283 dry weight was 20% of wet weight and 15% of dry weight was N (Eyre and Mckee 284 2002). A 100% error was assigned to fisheries harvest. 285
Results
287
Net denitrification 288
The largest total annual loss of N via net denitrification occurred in the Zostera 289 communities in all three estuaries (Table 2) . Although the Zostera communities 290 dominated N loss via denitrification in all three estuaries, the benthic habitats that 291 contributed to the next largest loss of N varied across the three systems (Table 2 ). In the 292
Hasting River Estuary and Wallis Lake the Fluvial Muds and Sands contributed the 293 second largest annual loss of N via net denitrification. Subtidal Muds contributed the 294 second largest loss of N via net denitrification in the Camden Haven. The smallest 295 contribution to the total annual loss of N via net denitrification occurred in the Intertidal 296
Muds and Halophila communities in the Hastings River Estuary, in the Marine Channels 297
in Camden Haven, and in the Intertidal Muds and Marine Channels in Wallis Lake (Table  298 2). 299 300
Burial 301
In both the Hastings River Estuary and Wallis Lake the highest burial rates 302 occurred in seagrass communities, although the seagrass species was different ( Fig. 1 ; 303 Table 2 ). The largest annual loss (burial) of N in Wallis Lakes occurred in the Zostera 304 communities due to their large area combined with a moderate burial rate (Table 2) . Of 305 the measured burial rates the largest annual loss (burial) of N in Hasting River Estuary 306 occurred in the Subtidal Muds/ degraded (ephemeral) Halophila community (Table 2) . 307
The highest, and similar, N burial rates in Camden Haven occurred in the Subtidal and 308
Intertidal Muds (Fig. 1) . However, the largest annual loss (burial) of N in the Camden 309
Haven occurred in the Subtidal Muds due to their larger area (Table 2) . 310
Depth averaged Zostera community burial rates were similar in Wallis Lake (3.9 311 g m -2 y -1 ) and Camden Haven (2.7 g m -2 y -1 ) (Fig. 1) . In contrast, burial rates in the 312 Halophila community were highly variable across the three systems ranging from 1.3 to 313 A number of habitats showed some change in N burial rates over time, although 319 they were not always consistent changes (Fig. 1a,b) . The exceptions were Posidonia 320 community in Wallis Lake that showed a rapid increase in N burial from 1997 to 2011. 321
The Zostera community in Wallis Lake also showed an increase in N burial from 1975 to N inputs to the Hasting River Estuary were dominated by diffuse sources from the 331 catchment (Table 3) . A missing N source was the largest input to the Camden Haven and 332
Wallis Lake. Diffuse sources of N were the second largest input of N to Camden Haven 333 with similar loads of N delivered to Wallis Lake from rainfall and diffuse sources. 334
Rainfall was the second largest input of N to the Hasting River Estuary and third largest 335 input to Camden Haven with only minor amounts of N coming from wastewater. 336
Export to the ocean was the largest loss of N in the Hasting River Estuary 337 followed by net denitrification and then burial. Net denitrification was the largest loss of 338 N in the Camden Haven and Wallis Lake followed by burial (Table 3) . N loss by fisheries 339 was minor in all three systems. 340
Discussion 342
Role of different habitats in nitrogen loss 343
The seagrass communities were the most important habitats for N loss via net 344 denitrification accounting for 70%, 62% and 27% of the total net denitrification N loss in 345 the Wallis Lake, Camden Haven and Hastings River Estuary, respectively. This did not 346 just reflect their area, as seagrasses only covered 36%, 38% and 8% of Wallis Lake, 347
Camden Haven and Hastings River Estuary respectively, but also the high rates of net 348 denitrification. The high rates of net denitrification are driven by high rates of respiration 349 in the seagrass communities, which increases the supply of NH4 from ammonification for 350 (Fig. 1) . The Ruppia community, Halophila community, Subtidal muds 392 and Intertidal muds all show a large variability in burial rates between systems. For 393 example burial rates in the Halophila community, which were measured in all three 394 systems, ranged from 1.3 to 8.0 g N m -2 y -1 and similarly, burial rates in the Ruppia 395 community ranged from 1.8 to 8.2 g N m -2 y -1 . This suggests that it is the local conditions 396 (depositional environment; benthic production etc.), rather than the habitat type, that 397 dictates N (and likely C) burial rates and highlights the problem of extrapolating one, or 398 few measurements across large spatial scales (e.g. Mcleod et al. 2011 ). However, burial 399 rates in the Zostera community were similar across systems (2.7 and 3.9 g N m -2 y -1 ) 400 suggesting the community structure of some benthic habitats may influence burial rates. Lake having higher N burial rates for a given rate of denitrification (or lower 411 denitrification rate for a given burial rate) than the Zostera communities and Ruppia 412 community in Camden Haven (Fig. 2c) . This may reflect differences in the way the This is particularly the case for the missing-N term that includes the sum of the errors 449 associated with all the other components of the budget. Despite these uncertainties we 450 still considered it better to make some rough approximations to illustrate potential 451 important fluxes and processes, and missing N terms, then not make the budget 452 calculations at all. The budgets should be considered in this context. 453
The Hasting River Estuary budget had an annual excess of 188.9 t of N, which 454 was most likely exported to the ocean (Fig. 3) . This ocean export is 61.1% of the total N 455 input and is consistent with other mature infilled river dominated estuaries during non-456 flood years (McKee et al. 2000) . In contrast, Camden Haven and Wallis Lake both had 457 large annual deficits of 192.1 and 826.1 t N respectively (Fig. 3) . This deficit is mainly 458 driven by the small catchment and subsequently small freshwater and associated diffuse 459 N inputs, and large losses via net denitrification and burial. It is unlikely that catchment 460 and atmospheric loads, and net denitrification and burial losses, are in error by that order 461 of magnitude. Sensitivity analysis shows that the N deficits were most sensitive to burial 462 (Table 4) . However, even adjusting burial rates from 50% to 200% showed that the same 463 conclusion would be reached that an import of N would be required to balance the 464 budgets. Both burial and net denitrification losses would have to be decreased together to 465 near zero for no N import to be required to balance the budgets, which is highly unlikely. 466 This is in contrast to carbon which was exported from the system during the study (Maher 467 and Eyre, 2012), which may be due to shifts in the C:N ratio between diffuse 468 allocthonous inputs (high C:N related to terrestrial organic matter) and the lower C:N 469 ratio of estuarine autochthonous organic material, leading to a N deficit relative to 470
carbon. 471
The budget deficits in Camden Haven and Wallis Lake suggest that there may be 472 
Budget comparisons 493
Net input of N from the ocean (assuming this equals the missing N) was the 494 largest N flux in the Camden Haven and Wallis Lake budgets (Fig. 3) Camden Haven (3.2:1) and Wallis Lake (16.9:1), than these sub-tropical river dominated 506 estuaries, which can be easily explained by the much smaller catchment inputs compared 507 to the Richmond and Brunswick estuaries. In contrast, Southern Moreton Bay has almost 508 the same terrestrial input (47.7 t N yr -1 ) as Wallis Lake (48.8 N yr -1 ) and a very similar 509 ratio of ocean to terrestrial input (15:1) . 510 N loss via net denitrification was the largest output term in the N budget of all 511 three systems (Fig. 3) . About 27%, 60% and 62% of the total annual N load (missing N 512 plus other N inputs) was denitrified (and > 100% of the land and atmosphere load) for the 513
Hastings River Estuary, Camden Haven and Wallis Lake, which is very high for a coastal 514 systems with residence times of 10, 45 and 60 days (Eyre and Maher 2010), respectively. 515 (Nixon et al. 1996) demonstrated that for 11 estuaries there was a relationship between 516 the percentage of the total N input from the land and atmosphere that is denitrified and 517 the system residence time. Based on this relationship and a residence times of the three 518 systems about 10 to 25% of the total N load should have been denitrified. The high 519 efficiency of N removal via denitrification most likely reflects the high denitrification 520 rates in the seagrass beds, which accounted for 27%, 62% and 70% of the annual system 521 denitrification, in the Hastings River Estuary, Camden Haven and Wallis Lake 522
respectively. In addition, the overall shallowness of the systems (average 1. Haven and Wallis Lake shows a significantly higher N removal rate via denitrification for 542 a given residence time (p<0.001; covariance analysis) than the 10 (the shallow 543
Ochlockonee Bay was excluded) deeper temperate estuaries in Nixon et al. (1996) (Fig.  544   4) . In addition, the amount of total N load removed via denitrification for a given flushing 545 time is also slightly higher for the four systems with extensive seagrass coverage (r 2 = 546 0.995; p<0.05; n=4) where denitrification has been measured in the seagrasses and scaled 547 to the whole ecosystem (Wallis Lake, Camden Haven, Southern Moreton Bay and Bogue 548 Sound). This suggests that overall N loss via denitrification for a given residence time 549 may be higher in shallow and oligotrophic coastal systems with extensive seagrass 550 habitats than deeper temperate systems. 551
Seagrass communities were clearly important benthic habitats for N loss via net 552 denitrification and burial. Overall N loss via denitrification for a given residence time 553 may be higher in shallow and oligotrophic coastal systems with extensive seagrass 554 habitats than deeper temperate systems. Because denitrification and deep burial 555 permanently remove nitrogen from an ecosystem they are key ecosystem processes. As 556 such, seagrass lost during eutrophication (McGlathery et al. 2007 ) will be a negative 557 feedback, with less nitrogen loss via denitrification and burial. Changes in the type 558 (quality), and maybe the mixture, of organic matter (detritus) associated with seagrass 559 loss are also expected to impact system level losses of nitrogen via denitrification (Eyre 560 et al. 2013a ). Further work using both isotope pairing and N2/Ar techniques 561 simultaneously to better determine denitrification rates, and N-fixation measurements 562 using 15 N-labelled gas (Mohr et al. 2010) , in different seagrass communities would be 563 fruitful areas for further research. 564 The sensitivity analysis was done by adjusting each of the terms in the budget (e.g. overall N burial) up or down
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by their estimated error determine if the overall conclusions derived from the budget changed. 
